The heterocyclic ring-opening dynamics of thiophenone and furanone dissolved in CH 3 CN have been probed by ultrafast transient infrared spectroscopy. Following irradiation at 267 nm (thiophenone) or 225 nm (furanone), prompt (t o 1 ps) ring-opening is confirmed by the appearance of a characteristic antisymmetric ketene stretching feature around 2150 cm
I. Introduction
The recent literature contains many publications highlighting the critical role played by optically ''dark'' (n/p)s* states (i.e., states formed by s* ' p and s* ' n electronic excitations where p and n represent bonding and non-bonding orbitals, respectively) in the non-radiative decay of heteroatom containing molecules in the gas phase. [1] [2] [3] The diabatic potential energy surfaces (PESs) of electronic states formed by s* ' n/p excitation will be repulsive with respect to X-Y bond extension (X = O, N, S, etc.; Y = H, CH 3 , etc.). Population of such states thus offers a route to dissociation or internal conversion (IC) via conical intersections located at extended X-Y bond distances. This paradigm has been shown to be equally applicable to photodissociation processes in the condensed (solution) phase also. For example, recent timeresolved ultraviolet (UV) pump-broadband UV-visible or infrared (IR) probe studies of thiols, thioanisoles, etc., demonstrate that the characteristics of the bond fission processes that occur under isolated molecule conditions are barely changed in the presence of a weakly interacting solvent such as cyclohexane. [4] [5] [6] While the solvent may have minimal impact on the photodissociation process itself, the fate of the photoexcited molecules and/or fragmentation products may be very different in the condensed phase. In particular, additional processes that are unique to the condensed phase may also be observed including (i) vibrational relaxation of the initially excited parent molecules prior to their dissociation and/or of the radical cofragments formed upon X-Y bond fission, and (ii) geminate recombination of the X and Y containing fragments leading to the reformation of the XY parent or isomeric adducts. This latter process is an important step in many photoinitiated organic reactions such as the photo-Claisen and photoFries rearrangements. [7] [8] [9] It seems likely that the same (n/p)s* mediated bond fission should also underpin the photoinduced ring-opening of heterocyclic molecules. Indeed, ring cleavage as a radiationless deactivation pathway has been proposed to account for the ultrafast decay of several heteroatom containing systems including furan, [10] [11] [12] [13] thiophene, [14] [15] [16] b-glucose, 17 coumarin, 18 various substituted spiropyrans, [19] [20] [21] and DNA bases. 22 Direct experimental evidence of ring-opening in such systems is harder to find, however. Part of the reason for this lies in the difficulty of studying these processes in the gas phase. Since the reactant and product molecules are structural isomers, the broad class of experiments that rely upon mass-specific detection schemes are often incapable of distinguishing their signals. Furthermore, the ringopened products are likely to be formed highly vibrationally excited, where rapid intramolecular vibrational energy redistribution processes will greatly complicate the resulting IR spectra. Studying the photoinitiated ring-opening of heterocyclic molecules in the condensed phase alleviates many of these problems. The presence of surrounding solvent molecules allows for efficient relaxation of the excess vibrational energy, and enables the reactant and product molecules to be differentiated through their IR spectra. 19, 23 The UV induced ring-opening of heterocyclic a-carbonyl systems such as 2(5H)-furanone and 2(5H)-thiophenone (henceforth furanone and thiophenone) is particularly well suited for detailed mechanistic study by this method, since the ring-opening reaction of this class of molecules should result in the formation of a ketene (CQCQO) moiety, which has an intense and characteristic antisymmetric stretching mode around 2100 cm À1 . The ketene vibration has proven itself a valuable marker to gauge the timescales of reaction in previous transient IR studies of photoisomerisation of several molecules including o-nitrobenzaldehyde 24, 25 and the Wolff rearrangement of diazoketones. 26 Breda and coworkers 27 studied the UV induced unimolecular photochemistry of both furanone and thiophenone isolated within low temperature argon matrices through a combination of Hg lamp irradiation and Fourier transform IR spectroscopy. Both compounds were found to undergo UV-induced a-cleavage, resulting in ringopened products with an intense ketene peak. Since long irradiation times were used, these experiments provide no dynamical information pertaining to the ring-opening processes.
In this paper we extend our recent studies on the dynamics of photodissociation processes in the solution phase to follow the ring-opening reactions of furanone and thiophenone. By using time-resolved infrared (TRIR) spectroscopy to probe the carbonyl (B1700 cm À1 ) and ketene stretching regions, the timescales and quantum yields for product formation may be followed.
Comparing these results with the predictions of ab initio calculations of the potential energy curves (PECs) involved in the photochemical transformations reveals features that mediate the dynamics of ring-opening processes in heterocyclic systems.
II. Experimental and computational methodology
The TRIR spectra presented in this paper were recorded on a newly constructed fs-laser transient absorption system at the University of Bristol. The experiment will be described in detail in a future publication, so only the most salient features are discussed here. An amplified Titanium Sapphire laser system generated 800 nm (band center) pulses of 35 fs duration at a 1 kHz repetition rate. A portion of this light was used to pump an optical parametric amplifier (OPA) producing mid-IR radiation of B300 cm À1 bandwidth by difference frequency generation, with the remainder of the 800 nm light sent to another OPA system providing broadly tunable UV pump radiation. The two optical pulses were overlapped in the sample with the transmitted IR radiation being dispersed onto a 128 pixel mercury cadmium telluride (MCT) detector. A second MCT array monitored the intensity of the input IR radiation to allow normalization of the transient signals.
Thiophenone and furanone (98% stated purity) were obtained from Sigma-Aldrich and used without further purification. Thiophenone solutions of 23 mM and furanone solutions of 63 mM concentration were made up in acetonitrile (CH 3 CN). The solutions flowed through a Harrick cell fitted with a 100 mm Teflon spacer sandwiched between CaF 2 windows. The concentrations of the solutions were chosen to ensure an optical density of 0.5 at 267 and 225 nm for thiophenone and furanone, respectively, at this pathlength. The experimental response function is limited at early times to B1 ps due to background noise induced by the cell windows.
Electronic structure calculations were carried out using the Gaussian09 28 
III. Experimental results
A. Thiophenone , which monitors the carbonyl stretching motions of the parent/product molecules, and Fig. 1(b) , the 2000-2220 cm À1 region, which allows us to follow any ketene containing products. Fig. 1(a) is dominated by a large negative going signal centered around 1680 cm
À1
, which reflects the depletion of ground state population induced by the pump pulse. A positive going feature (1600-1670 cm À1 ) is seen at early pump/probe delays, before decaying away and disappearing completely by B100 ps. The blue shift and spectral narrowing of this feature as pump/probe time delay increases are characteristic of vibrational cooling. There are two possible sources for this feature, (i) electronically excited parent molecules, and/or (ii) vibrationally excited parent molecules in the ground (S 0 ) electronic manifold. The observation of a ketene feature at the earliest pump/probe delays investigated (vide infra) rules out the possibility of any long lived excited state, so we regard the latter scenario as more likely. The substantial overlap between the vibrationally excited gain and vibrationless bleach signals necessitates that the time resolved spectra be modeled in terms of basis functions in order for their kinetics to be extracted. The signal arising from S 0 (u 4 0) molecules was modeled as a sum of two Gaussians, with the respective peak centers and widths obtained from a global fit of all available data, while the amplitudes were allowed to float freely. Since vibrational cooling is expected to be complete within tens of ps, the TRIR spectrum measured at long Dt was used as a guide for the parent bleach signal. The parent bleach amplitude obtained from this fitting procedure is shown in Fig. 1 (c) and demonstrates a sigmoidal change with time. The bleach signal remains constant for B20 ps which we interpret as the time required for the population to cool from highly vibrationally excited levels of the S 0 manifold down to levels with u = 1 before repopulation of the u = 0 level (and accompanying decrease in the bleach signal) can begin. Although only shown for the CQO stretching motion here, all bleaches of the parent molecule vibrational modes should demonstrate the same sigmoidal behaviour. Fitting the extracted bleach amplitude to a model based upon the vibrational relaxation of a harmonic oscillator (detailed in the appendix) results in an estimated rate coefficient of B0.08 ps À1 for the u = 1 -0 step (time constant of 12.5 ps). It is also important to note that the bleach does not recover fully, with the fit suggesting that only B60% of the initially excited population reforms the parent molecule, indicating that 40% of the thiophenone molecules excited at 267 nm either undergo ring opening or form other (undetected) product molecules. Fig. 1 (b) monitors the build up of any ketene containing molecules -a sign of a ring-opening reaction. A single positive going feature dominates this spectral region, being very broad (B100 cm À1 ) at the earliest pump/probe time delays measured, before narrowing and blue shifting on a ps timescale. The presence of this feature at very early times indicates that an ultrafast (t o 1 ps) ring-opening process is occurring following excitation at 267 nm. Fitting each individual time slice to a Lorentzian function monitors the evolution of this feature as a function of pump/probe time delay. The evolution of the extracted peak center as a function of time provides a measure of the average vibrational cooling rate of the ketene containing product molecules. The results of this analysis, along with a fit to a single exponential are shown in Fig. 1(d) . The derived lifetime, 6.8 (4) ps (where the number in parentheses represents one standard deviation uncertainty in the last significant digit), is comparable with the u = 1 -0 relaxation rate extracted from the fit of the parent bleach dynamics to a simple harmonic oscillator model.
B. Furanone
Contour plots and accompanying kinetic traces obtained following the 225 nm photolysis of a 63 mM solution of furanone dissolved in CH 3 CN are shown in Fig. 2 . Fig. 2(a) shows the evolution of the carbonyl stretch region of the spectrum (1650-1790 cm
À1
). Intense parent molecule bleach features centered around 1745 and 1775 cm À1 dominate the spectra at all time delays. In contrast to thiophenone, very little signal ascribable to S 0 (u 4 0) parent molecules is observed. The greatly reduced degree of spectral overlap allows the bleach kinetics to be extracted through simple numerical integration of the observed signal ( Fig. 2(c) ). The observed kinetics show an initial increase in the bleach amplitude, likely a result of overlapping positive contributions from vibrationally hot S 0 molecules, before a decrease in signal which may be fit by a single exponential function (for Dt 4 7 ps) revealing a bleach recovery time of 14(3) ps. This time constant is consistent with rapid IC from the initially photoprepared state followed by vibrational cooling on the S 0 PES, ultimately repopulating the S 0 (u = 0) level. The long time recovery of the bleach intensity reveals the quantum yield for parent reformation to be f ref o 0.1, significantly lower than the value of 0.6 observed for thiophenone. In addition to the bleach features, an absorption signal centered around 1690 cm À1 is also observed. The prompt appearance of this feature followed by spectral narrowing is reminiscent of the behavior demonstrated by the ketene formed from thiophenone, and indicates that it is due to product formation rather than being the spectral signature of the initially photoprepared state. Numerical integration of this feature shows it growing in on an 8.1(5) ps timescale ( Fig. 2(d) ). The vibrational cooling rate of this feature can be followed in a similar manner to that used for the thiophenone ketene, revealing a time constant of 6.6(3) ps. Fig. 2(b) shows the results obtained by setting the IR probe to cover the 2020-2180 cm À1 range. Just as in thiophenone ( Fig. 1(b) ), a broad feature ascribed to a ketene moiety is observed at the earliest pump/probe time delays monitored. Again, the prompt appearance of this feature suggests that the initially photo prepared state has a lifetime o1 ps. This feature blue shifts and narrows considerably over the next 30 ps, before reaching its asymptotic wavenumber value of B2145 cm À1 after around 40 ps. Fitting this feature to a Lorentzian lineshape and monitoring the evolution of the peak center as a function of pump/probe time delay enables an average vibrational cooling time of 6.9(2) ps to be extracted ( Fig. 2(e) ). This rate is consistent with that observed for the 1690 cm À1 product peak ( Fig. 2(d) ), but is faster than that extracted from the parent bleach recovery seen in Fig. 2(c) . This latter discrepancy can be explained by considering what we are actually monitoring in each of these kinetic fits; the fit to the bleach is catching the last step of the parent (S 0 ) vibrational cooling process, while monitoring the growth of the 1690 cm À1 feature and the evolution of the ketene band center covers a far wider range of steps down the vibrational ladder of the ring-opened product. Vibrational cooling will be far more rapid for highly vibrationally excited molecules than those in u = 1, therefore, the average cooling rates extracted in Fig. 2(d) and (e) will be shifted to shorter times than those obtained for the u = 1 -0 rate assumed from Fig. 2(c) .
IV. Computational results

A. Structures and vertical excitation energies
The S 0 equilibrium geometries of thiophenone and furanone have been optimized at the MP2/6-311+G(d,p) level of theory and are depicted in Fig. 3 and 4 , respectively. In agreement with prior microwave 30, 31 and computational 32 studies, a planar ring geometry is predicted for both these molecules, resulting in overall C s symmetry. The vertical excitation energies for the three lowestlying singlet states of both thiophenone and furanone have been calculated with TDDFT using the B3LYP functional and 6-311+G(d,p) basis set, with the obtained energies and dominant excitation type shown in Fig. 3 and 4 . In the case of thiophenone, only the S 2 (np*) state is predicted to have an appreciable oscillator strength ( f = 0.035), while the S 2 (np*) and S 3 (np*) states in furanone are predicted to have f-values of 0.150 and 0.142, respectively. The predicted energies of the bright states for thiophenone and furanone agree nicely with the experimental UV absorption spectra (shown in the ESI †), which demonstrate absorption maxima at 260 nm (4.77 eV) for thiophenone in CD 3 CN, and o220 nm (5.64 eV) for furanone in dichloromethane. The structures and energies of three possible ring-open products are also shown in Fig. 3 and 4 , which, in addition to a ketene moiety, also possess either a (thio)aldehyde, (thio)-epoxy, or (thio)enol functional group. Of these possible end products, both the aldehyde and enol products require a [1,2]-hydrogen atom migration during their formation. Only the aldehyde product (and various conformers thereof) was implicated in the matrix isolation study of Breda and coworkers, 27 but our calculations indicate that other ring-opened forms are energetically accessible and should be considered. The transition states between the parent molecule and these ring-opened products have also been calculated at the MP2/6-311+G(d,p) level of theory (with subsequent vibrational calculations revealing a single imaginary frequency, highlighting the transition-state nature of these structures). The optimized transition state structures are shown in Fig. 3 and 4 along with their energies relative to the respective S 0 minima.
B. Relaxation pathways
i. Thiophenone. The PECs governing the ring cleavage process in thiophenone have been studied in more detail and are shown in Fig. 5 . These curves were obtained by elongating the C(QO)-S bond in small increments and allowing the rest of the molecular framework to relax to the S 0 minimum geometry at the CASSCF (8,6)/6-31G(d) level of theory, with C s symmetry being enforced at each step. and S 3 (A 00 ) states at R C-S E 2.5 Å, and between S 3 (A 00 ) and S 0 (A 0 )
at R C-S E 4.0 Å. Although transitions between the PESs are symmetry forbidden at these conical intersections, strong vibrational coupling between the states promoted by normal modes of a 00 symmetry can be expected to occur, providing a route for the initially excited thiophenone molecules to return to the S 0 potential. ii. Furanone. As for thiophenone, PECs governing the ring cleavage process in furanone have been studied by elongating the C(QO)-O bond in small increments and optimizing the rest of the molecular framework to its minimum energy geometry in the S 0 state at the CASSCF(8,6)/6-31G(d) level of theory. These surfaces, depicted in Fig. 6 , were again obtained while enforcing a planar ring geometry at each step. In the vFC region, S 1 (A 00 ) is primarily an np* state, S 2 (A 0 ) is pp*, while the S 3 (A 00 ) state is best described as ps*. Upon extension of the R C-O ringcoordinate, the energy of the out-of-plane non-bonding orbital on the ring oxygen increases relative to the p orbitals, with the result that at R C-O = 2.1 Å the S 2 (A 0 ) and S 3 (A 00 ) states are best described as np* and ns*, respectively. The repulsive S 3 state can be seen to cross S 2 at R C-O E 2.2 Å and then the S 0 PEC once the C-O bond has extended to 3.2 Å. As before, transitions between the PESs will be symmetry forbidden at these conical intersections, but strong vibrational coupling between the states is likely to be promoted by normal modes of a 00 symmetry.
By combining the information gleaned from the TDDFT and CASSCF calculations described above, a picture of the ring-opening reactions in thiophenone and furanone begins to emerge. A likely mechanism for both molecules at the excitation energies employed in these experimental studies is: (i) initial population of the S 2 (np*) state induced by the 267 and 225 nm radiation, (ii) radiationless transfer onto the S 3 (ns*) PES at R C-S E 2.5 Å (R C-O E 2.2 Å), and (iii) repopulation of the S 0 state induced by another conical intersection located at R C-S E 4.0 Å (R C-O E 3.2 Å), followed by either reformation of the parent molecule or creation of ring opened product molecules following dynamics on the ground state potential. The sub-ps ring opening observed experimentally accords with the barrierless nature of the electronically excited reaction coordinate predicted upon C-S/C-O bond extension. It is important to note, however, that ring cleavage is unlikely to be the only pathway available for these systems to relax back to the S 0 potential. Recent experimental and computational work on coumarin, 18 which contains a six-membered heterocyclic a-carbonyl moiety, proposes two parallel radiationless relaxation pathways: a ring-opening route similar to the ones discussed in this paper, and a transition via a dark state mediated by the carbonyl stretching mode. In both thiophenone and furanone, the conical intersection linking the S 0 and S 3 states is predicted to lie at higher energy than any of the transition states shown in Fig. 3 and 4 . All of the product molecules considered in this paper are thus energetically accessible following ring-opening and subsequent ground state dynamics. The shape of the conical intersection will determine the branching between these various products and the channel leading to repopulation of the ring-closed parent. To help determine which of the possible products is dominant, anharmonic wavenumber calculations at the MP2/6-311+G(d,p) level of theory have been performed for all eight molecules considered in this study (the two parent molecules and the six potential ring-opened products illustrated in Fig. 3 and 4) . The results obtained from this vibrational analysis are detailed in the ESI. † In the case of thiophenone, the only product vibration observed experimentally is the antisymmetric ketene stretching mode centered around 2170 cm À1 , with the region between 1200 and 1700 cm À1 displaying only parent bleach features.
The three product molecules are all predicted to show a ketene stretch at B2155 cm À1 , and consequently this spectral region cannot be used to distinguish between them. We run into the same problems when considering furanone, the three product molecules considered all have ketene stretching bands predicted to lie around 2165 cm
À1
, in good agreement with the experimentally observed value of 2140 cm
. In contrast to thiophenone, however, the TRIR data from furanone exhibit a second vibrational feature centered around 1690 cm À1 attributable to a product molecule. The epoxy-containing molecule is not predicted to have any vibrations in this region, but the aldehyde and enol systems are predicted to exhibit normal modes at 1742 cm
and 1675 cm À1 , respectively. We favor the aldehyde assignment on the basis of its predicted intensity relative to the carbonyl stretching feature of the parent molecule. This assignment is in agreement with that of Breda et al. who observed excellent correspondence between their predicted spectrum for the aldehyde (calculated at the B3LYP/6-311++G(d,p) level) and the measured spectrum of their matrix isolated photoproducts, especially in the 500-1500 cm À1 region. 27 
Conclusions
The photoinduced ring cleavage reactions of the heterocyclic a-carbonyl systems thiophenone and furanone have been investigated following excitation at 267 and 225 nm, respectively. The application of fs time-resolved infrared spectroscopy allows the evolution of both the parent molecule and photoproducts to be followed in time, with the observation of an antisymmetric ketene stretch providing unequivocal evidence for ring opening in both these systems. Following irradiation, both thiophenone and furanone demonstrate ultrafast (o1 ps) deactivation of the initially excited state, with the quantum yield for parent molecule reformation being B60% in the case of thiophenone but o10% for furanone. The ring-opened product is formed highly vibrationally excited in both systems, and an average vibrational cooling rate can be obtained by monitoring the evolution of the peak center of the ketene stretch as a function of pump/ probe time delay. In a similar manner, population that finds its way back to the parent S 0 state is also highly vibrationally excited. The evolving intensity of the carbonyl bleach signal exhibited by thiophenone is sigmoidal in nature, and has been fit using a qualitative model based upon the vibrational relaxation of a harmonic oscillator. These experimental studies have been accompanied by ab initio calculations of the PECs mediating the ring-cleavage reaction. These computational results suggest that the initial excitation of the S 2 state in both molecules is followed by radiationless transfer to an ns* state which is repulsive along the ring-opening coordinate. A second conical intersection provides a pathway for the initially photoexcited population to return to the S 0 potential whereupon it can either reform the parent molecule or undergo a [1, 2] H-atom shift to form a stable ring-opened product. The barrierless nature of the reaction pathway agrees with the ultrashort excited state lifetime observed experimentally. We do recognize, however, that the present (C s constrained) calculations do not allow us to rule out the possible existence of alternative non-planar conical intersections, which would enable the IC and [1,2]H-atom shift to occur in a concerted rather than stepwise fashion. The detailed identities of the ring-opened product molecules are uncertain, with several possibilities considered for both thiophenone and furanone. The branching ratio between the ring-closed and various ring-open forms in each case will be sensitively dependent on the shape of the final conical intersection(s) linking the S 3 and S 0 PESs, and it is envisaged that future computational investigations will allow further refinement of our understanding of these prototypical photoinduced (n/p)s*-mediated ring opening reactions and subsequent ground state dynamics.
Appendix
The vibrational cooling dynamics of polyatomic molecules in solution is a complex problem. In general, it can be separated into two steps: 33 (i) intramolecular vibrational redistribution, and (ii) intermolecular energy transfer from the solute to the solvent, where both of these processes are mediated by anharmonic (both diagonal and off-diagonal) couplings. Oftentimes experimentally determined anharmonic coupling constants are unavailable, and their calculation is a time-consuming endeavour.
In this paper, we have applied a simple model based upon the vibrational dynamics of a harmonic oscillator to explain the delayed onset of the bleach recovery in the parent carbonyl band of thiophenone (Fig. 1c) . Despite the many approximations inherent in this approach, it provides a first-order justification for the observed kinetics. In this model, vibrational cooling is approximated as a linear chain of first-order decay processes involving varying quanta of a single normal mode, For the special case of a decay chain of harmonic oscillators, k n-nÀ1 p n, 36 resulting in k i = (n À i)k, where k is the rate coefficient for the 1 -0 vibrational transition and n is the number of vibrational levels in the decay chain. This allows a i to be rewritten as:
which, after some algebra, reduces to: Thus, the recovery rate of the u = 0 level can be defined in terms of a single rate coefficient. The results obtained by fitting the thiophenone carbonyl bleach amplitude (from Fig. 1 ) to eqn (A.8) are shown in Fig. 7 . By increasing the number of vibrational levels considered in the fit (through n), the extracted rate coefficient, k, begins to converge to B0.08 ps À1 ; the convergence is slow, however, and large values for n have to be considered highlighting the limitations of this approach. Despite this, treating the vibrational cooling as being purely harmonic in nature succeeds in reproducing the time invariance of the early time signal and allows a qualitative picture of the cooling rate to be obtained. 
